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We study the correlation between compact radio quasars and ultra-high energy cosmic rays
(CRs) using an updated list of air shower detections. We estimate the level of positional correlation
between both samples and the probability of pure chance association through simulations of random
sets of synthetic CR events. We nd that there are no reasons to claim for a physical association and
that some previous results appear to be an eect of the small size of the sample used. This is also
true when, instead of compact radio quasars, 3EG gamma-ray blazars are considered. Consequently,
unless somehow severely deflected, it is unlikely that the high energy CR primaries are new particles
or particles with new interactions beyond the electroweak scale, produced in high-redshift active
galactic nuclei.
PACS numbers: 98.70.Sa, 12.60.-i, 95.30.Cq
Over the last few years, several giant air showers have been detected conrming the arrival of cosmic rays (CRs)
with energies greater than a few hundred EeV (1 EeV  1018 eV) [1]. The nature and origin of these extraordinarily
energetic particles remain a mystery [2]. The main problem posed by the detection of CRs of such energy, assuming
them to be photons, nucleons, or nuclei, is that interactions with the microwave background radiation limit their
attenuation length to less than about 50 Mpc. Therefore, if the CR sources were all at cosmological distances, the
energy spectrum would exhibit the so-called Geisen-Zatsepin-Kuz’min (GZK) [3] cut-o around 100 EeV. Since this
is not observed, an astrophysical origin requires the sources to be within about 100 Mpc. Furthermore, apart from
the energetic diculties of accelerating particles to such energies [4], the seeming isotropy on large angular scales
of the observed arrival directions up to the highest energies [5] leaves only too possibilities for the source locations:
Either there must be many nearby sources, at least one close to each arrival direction, but no such convincing source
candidates within 100 Mpc have been found [6]. Or there are only very few nearby sources which then requires strong
deflection [7] in Galactic and/or extragalactic magnetic elds of micro Gauss strength close to existing upper limits [8].
Recently, Farrar and Biermann [9] have pointed out the existence of a strong correlation between compact radio
quasars (CRQSOs) and CR events with energies above 80 EeV at 1σ level. Specically, they have argued that the
arrival directions of the CRs of such energies point back to CRQSOs (redshifts in the range z = 0.3−2.2) with a prob-
ability of chance association of 5 10−3. Until now, the CRQSO-conjecture has been robust enough to support weak
and strong rejections of lower energy ordinary primaries below the GZK cuto [10]. If such a correlation were real, it
could only be due to particles generated in these high-redshift sources, which should traverse unscathed through the
primeval radiation evading the GZK cut-o and being deflected by less than the experimental angular resolution, of
the order of a degree.
Since the energies of the known strongly or electromagnetically interacting particles drop below ’ 80 EeV during
the propagation from high redshift distances regardless of the initial energy [2], and since within the Standard Model
neutrinos cannot give rise to the observed showers due to their small interaction cross section, a clearly established
correlation would most likely indicate new physics. Possibilities involving neutral, undeflected particles that have been
discussed in the literature include undiscovered neutral hadrons with masses above a few GeV [11], and neutrinos at-
taining cross sections in the millibarn range above the electroweak scale, which would make them primary candidates
for air showers observed at the highest energies. Suciently heavy neutral particles would avoid pion production and
thus the GZK cut-o, whose threshold energy increases linearly with rest mass m, Eth = mpi(m + mpi/2)/ε, where
mpi is the pion mass and ε is the background photon energy. Such particles have been discussed in the context of




becomes relevant around TeV energies, increased neutrino-nucleon cross sections can occur due to the exchange of
graviton Kaluza-Klein modes in the context of extra dimensions [13] or due to an exponential increase of the number
of degrees of freedom in the context of string theory [14].
In the absence of new physics only neutrinos producing nucleons and photons via resonant Z-production with the
relic neutrino background within about 50 Mpc from the Earth could give rise to angular correlations with high
redshift sources [15]. However, this requires enormous neutrino fluxes and/or extreme clustering of relic neutrinos
with masses in the eV range for the interaction rates to be suciently high [16].
Very recently, the Haverah Park experiment presented the analysis of inclined showers (60 < zenith angle < 80)
which includes two events above 100 EeV [17]. In addition, the Akeno Giant Air Shower Array (AGASA) has re-
ported several remarkable CR events (scattered across half the sky) [5,18], that doubled the original sample used in
Ref. [9]. Thus, and in the light of the theoretical scenarios mentioned above, it is worthwhile to test again the possible
correlation between the arrival direction of the most energetic CRs and CRQSOs with flat spectrum. These quasars
are strong radio emitters, a fact that along with their compactness and variability, is indicative of strong beaming.
The bulk of the observed non-thermal emission of these objects is thought to be produced in strong, relativistic jets
of charged particles emitted by the active nucleus, which is likely formed by an accreting supermassive black hole.
An interesting sub-group of these sources is formed by the gamma-ray emitting blazars, which are presumably
the most energetic of them all. There are 66 blazars detected with high condence by the EGRET telescope of the
Compton Gamma Ray Observatory [19]. We shall use these sources, as well as the CQSOs with flat spectrum taken
from the surveys of Ref. [20], to test again the hypothesis advanced by Farrar and Biermann. From the CR side we
shall consider the new and enlarged AGASA sample [18] plus the highest energy events detected by Haverah Park
[17,21] and Fly’s Eye [22].
In order to establish the level of positional coincidence between QSOs and ultra-high energy CR events and ponder
its signicance, we shall adopt the code recently developed by Romero et al. [23] for gamma-ray bursts and uniden-
tied galactic gamma-ray sources studies. This code calculates angular distances between dierent kinds of celestial
objects in selected catalogs, and establishes the level of positional correlation between them. Numerical simulations
using large numbers of synthetic populations drawn from an isotropic distribution are then performed in order to
determine the probability of pure chance spatial association. In the present case, we generate synthetic populations
of the same number of ultra-high energy cosmic ray events as observed and compare them with the actual positions
of CRQSO and gamma-ray blazars. We have taken into account rstly that the uncertainties in the arrival directions
of each of the high-energy CRs is maintained, and secondly, that the articial sets of CR events are constrained (as
the actual ones) to the declination range δ > −10o. The reader is referred to Ref. [23] for details of the procedure.
The results of our analysis are shown in Tables 1 (CRQSOs) and 2 (gamma-ray blazars), where we present, from
left to right, the adopted energy cut-o, the number of real events detected by AGASA (Ag), Haverah Park (HP),
and Fly’s Eye (FE), the number of real positional matches found, the number expected from pure chance estimated
with the simulations, and nally the probability that the results be the mere eect of chance. In establishing the
positional correlations, both real and simulated, we have adopted an average error of 1.6o for the AGASA events, as
recommended in Ref. [18]. As a consequence, the highest energy event of AGASA (Ag213) is not coincident with any
CRQSO, contrary to what was mentioned in Ref. [9]. For the remaining errors we have kept those used by Farrar and
Biermann. Errors in energy for AGASA events were taken as 30%.
Let us remark that the low energy cut-o (which stands for the complete AGASA data sample [18]) does not
exclude contamination from events which may be due to proton or nucleus primaries (recall that a pile{up of protons
is expected around 70 EeV [24]). Furthermore, as mentioned above, even at the highest energies charged primaries
may not correlate with their sources due to magnetic deflection. The magnetic eld of our Galaxy alone can lead to
sizeable deflection up to 100 EeV [25], which increases for nucleus primaries [26]. Our correlation analysis therefore
predominantly probes scenarios involving neutral particles.
From our results it can be seen that the probabilities for the actual coincidence level to be a random occurrence
signicantly rise with respect to the previous work by Farrar and Biermann. The actual coincidences are all less than
2
2σ away from the simulated mean value.1 In order to test the consistency between our results and those of Farrar
and Biermann for the case of CRQSOs, we repeated the analysis for the strongest cut-o in Table 1 (70 EeV - 2σ)
without taking into account the recent data reported by Haverah Park and considering the positional error for Ag213
big enough for the CRQSO possible counterpart to be included (i.e. an error of 2o). This situation reproduces the
case reported by Farrar and Biermann (i.e. the event sample excluding AG110) [10] and yields a simulated positional
coincidence of 1.75  0.90, with a chance association probability of 6 %, as compared to their number of 1.6% [10].
Although for the old data set our analysis method yields chance probabilities larger by a factor 3−4 than theirs, this
does not change our main conclusion, namely that for the new data set the chance probabilities increase by a factor
> 5 (within our analysis) and therefore become insignicant.
The correlation with gamma-ray blazars is also likely the result of chance: we obtain chance probabilities of 26 % for
the highest energy events and of 46 % for the events with an energy cut-o at 27 EeV. For CRQSOs the probabilities
are somewhat lower, but still not signicant and signicantly above the values given in Ref. [9].
In the light of these results, our conclusion is that the association of CRQSOs and gamma-ray emitting blazars with
CRs of ultra-high and extremely-high energy seems to be not compelling and is probably the result of the small sample
size. Hence, there is currently no support for new multi-GeV neutral hadronic particles, or for neutrino-nucleon cross
sections in the millibarn range, as explanations of the highest energy cosmic rays, at least not if these particles are
conjectured to be produced in the classes of sources considered here. We further note that such scenarios, if there
were evidence for them, would require the sources to accelerate protons at least up to  1022 eV, since the neutral
primary candidates have to be produced as secondaries. They would thus not solve the \source acceleration problem".
The origin of the highest energy cosmic rays remains a mystery.
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TABLE I. Positional coincidence (PC), i.e. the number of real matches within angular resolution, and simulated positional
coincidence (SPC), from an isotropic distribution, between the highest energy CRs and CRQSOs for dierent threshold energies.
The last column indicates the Poisson probability of random occurrence of any number of coincidences bigger or equal than
the real PC. Columns Ag, HP and FE stand for the number of considered events of AGASA, Haverah Park and Fly’s Eye,
respectively.
Energy cut-o Ag HP FE PC SPC Prob.
27 EeV - 1σ 58 - - 12 8.7 ± 2.75 0.13
80 EeV - 1σ 5 4 1 4 2.7 ± 1.33 0.27
50 EeV - 2σ 4 4 1 4 2.6 ± 1.28 0.26
70 EeV - 2σ 1 3 1 3 2.0 ± 1.01 0.31
TABLE II. Same as Table I, but for gamma-ray blazars taken from the Third EGRET catalog.
Energy cut-o Ag HP FE PC SPC Prob.
27 EeV - 1σ 58 - - 1 0.7 ± 0.88 0.46
80 EeV - 1σ 5 4 1 1 0.3 ± 0.59 0.26
50 EeV - 2σ 4 4 1 1 0.3 ± 0.52 0.26
70 EeV - 2σ 1 3 1 1 0.2 ± 0.47 0.19
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